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Dark	matter	is	the	name	given	to	the	unresolved	problem	of	missing,	
non-baryonic	mass	in	the	universe.

Evidence:
• Galaxy	Rotation
• CMB
• Lensing
• Bullet	Cluster
• …and	many	more

Interactions:
• Gravity:	YES	(matter)
• EM:	NO	(dark)
• Weak-scale:	maybe?

– Weakly	Interacting	Massive	Particles	(WIMPs)

What	is	Dark	Matter?
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Weakly	Interacting				
Massive	Particles

• Natural	production	
mechanism	in	early	
universe

• Freeze-out	with	
annihilation	cross	section	
of	order	weak-scale	gives	
roughly	the	relic	density

• Mass	of	order	1-1000	GeV
• Lightest	SUSY	particle	
would	qualify	as	a	WIMP

9

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 

Jungman,	et	al.	Physics	Reports	267	(1996)
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Detecting	Dark	Matter
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• Look	for	annihilation	
signal	from	regions	of	
dense	dark	matter
• Galactic	center
• Dwarf	galaxies

Fermi



Detecting	Dark	Matter
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• Look	for	missing	
momentum	in	particle	
accelerators

CMS



Detecting	Dark	Matter
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• Look	for	energy	
deposition	of	dark	
matter	scattering	on	
detector	nucleii

PICO



Detecting	Dark	Matter
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?

• Exact	interaction	is	
unknown…

• How	does	the	WIMP	
interact	with	the	
nucleus?

spin-independent
Heavy	targets	(Xe,	Ar,	I)

spin-dependent
Light	targets	with	
unpaired	nucleon	(F,	H)PICO



Bubble	Chambers
located	in	SNOLAB
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PICO-60
ton-day	exposures

PICO-2L
100	kg-day	exposures
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Basic	Principles
• Superheat	a	fluid	by	lowering	pressure
• Wait	for	energy	deposition	in	metastable	state
• Interaction	nucleates	small	gas	pocket	that	grows
• Trigger	on	bubble	with	cameras
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compressed

expanded

superheated

plots	courtesy	of	Eric	Dahl



Detector	Event	Cycle
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• Primary	optical	trigger	(look	for	change	in	images)
• Timeout	trigger	at	2000s	(improves	stability)
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Bubble	Chamber	Event

18photo	credit	Guillaume	Giroux
Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017

1cm



Bubble	Chamber	Design
• Pressure	control	of	
hydraulic	outer	
volume

• Bellows	transmit	
pressure	to	inner	
fluids

• Buffer	liquid	(water)	
separates	active	
liquid	(C3F8,	CF3I)	
from	radioactive	
detector	materials

• Active	liquid	sits	in	
radio-pure	quartz	jar

19

Amole,	C.	et	al.	Phys.	Rev.	Lett.	114,	231302	(2015)
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Bubble	Chamber	Design
• Cameras	monitor	for	
bubble	nucleation	
with	LED	illumination

• Piezoelectric	acoustic	
sensors	listen	for	the	
bubble

20

Amole,	C.	et	al.	Phys.	Rev.	Lett.	114,	231302	(2015)
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Threshold	Determination

21

• Critical	radius	set	by	
fluid	properties	and	run	
conditions

• Critical	radius	
determines	energy	
threshold

http://en.wikipedia.org/wiki/Superheating

Pv −Pl ≥
2σ
rc

ET = E(T,P, fluid)

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



Threshold	Calculation

22

Pl=35	psi,
Tl=15.0oC

Pb=	77.9
psi

C3F8
rc=	24.1	nm

1.95	keV

-0.15	keV

1.57	keV

Surface	energy,	Bulk	energy,	Reversible	Work

=	3.37	keV
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Nuclear	Recoil	Efficiency
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• Use	neutrons	to	determine	
nucleation	efficiency	from	
nuclear	recoils

• Full	paper	is	in	preparation
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Detector	Backgrounds
• Looking	for	dark	
matter	interaction	
rates	at	order	1	
event	per	tonne-day

• Detector	is	WAY	
more	radioactive	
than	that…

• Need	to	be	able	to	
reject	radioactive	
backgrounds

25
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Gamma/Beta	Backgrounds
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Our	detectors	have	a	dE/dx	threshold	(ET/rc)	that	we	get	to	set
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Various	PICO
	Detectors

Aim	for	here



Neutron	Backgrounds
• Preferentially	
Multiple-scatter
– Allows	us	to	measure	
background	rate	
directly

• Simulation	tells	us	to	
expect	3:1	multiples	
to	singles	ratio

• Dominated	by	
detector	materials

27
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How	many	bubbles	can	you	count?

Answer:	25



Alpha	Decay	Backgrounds
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E.	Behnke et	al.	Phys.	Rev.	D	86,	052001	(2012)

COUPP-4
CF3I	Target

• Measure	the	acoustic	power	of	an	event	to	construct	AP	
(acoustic	parameter)

• Three	populations:
1. Neutrons	

(Normalize	AP	to	
nuclear	recoil	
signature)

2. Alphas	are	
louder!

3. Recoil-like	
background…

neutrons
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C.	Amole	et	al.	Phys.	Rev.	D	93,	061101(R)	(2016)

observed rate of both single- and multiple-bubble nuclear-
recoil events is consistent with the expected background
from neutrons. No neutron background subtraction is
attempted, and the WIMP scattering cross-section upper
limits reported here are simply calculated as the cross
sections for which the probability of observing one or fewer
signal events in the full 129 kg-day exposure is 10%.
The same conservative nucleation efficiency curves

are used as in Ref. [8], with sensitivity to fluorine and
carbon recoils above 5.5 keV. The standard halo para-
metrization [23] is adopted, with ρD ¼ 0.3 GeV c−2 cm−3,
vesc ¼ 544 km=s, vEarth ¼ 232 km=s, vo ¼ 220 km=s, and
the spin-dependent parameters are taken from Ref. [24].
Limits at the 90% C.L. for the spin-dependent WIMP-
proton and spin-independent WIMP-nucleon elastic scat-
tering cross sections are calculated as a function of WIMP
mass and are shown in Figs. 3 and 4. These limits indicate
an improved sensitivity to the dark matter signal compared
to the previous PICO-2L run and are currently the world-
leading constraints on spin-dependent WIMP-proton cou-
plings for WIMP masses < 50 GeV=c2. For WIMP masses
higher than 50 GeV=c2, only the constraints from PICO-60
[9] are stronger.

VIII. DISCUSSION

These data demonstrate the excellent performance of the
PICO detector technology and provide strong evidence that
particulate contamination suspended in the superheated
fluid is the cause of the anomalous background events
observed in the first run of this bubble chamber.
Preliminary indications suggest that the radioactivity
present in the particulate may be insufficient to account

0 20 40 60 80
−80

−60

−40

−20

0

20

40

60

80

R2/R
jar

 (mm)

Z
 (

m
m

)

32.2 live−days

0 20 40 60 80
−60

−40

−20

0

20

40

60

80

100

R2/R
jar

 (mm)

Z
 (

m
m

)

66.3 live−days

FIG. 2. Spatial distribution of bubble events in the 3.3 keV
WIMP search data for Run-1 [8] (left, 32.2 live-days) and Run-2
(right, 66.3 live-days). Z is the reconstructed vertical position of
the bubble, R is the distance from the center axis and Rjar is the
nominal inner radius of the silica jar (72.5 mm). Red filled circles
are WIMP-candidate events in the fiducial bulk volume, blue
open circles are alpha-induced bulk events, and black dots are
nonbulk events. The rate of pressure rise, measured by an AC-
coupled transducer, was used for the fiducial volume cut in
Ref. [8]. An identical transducer installed for Run-2 failed during
commissioning, and the Run-2 fiducial volume cut is entirely
based on the improved optical reconstruction.
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICO-60 (brown), COUPP-4 (light
blue region), PICASSO (dark blue), SIMPLE (thin green),
XENON100 (orange), IceCube (dashed and solid pink), SuperK
(dashed and solid black) and CMS (dashed orange)
[9,10,12,13,25–29]. For the IceCube and SuperK results, the
dashed lines assume annihilation to W pairs while the solid lines
assume annihilation to b quarks. Comparable limits assuming
these and other annihilation channels are set by the ANTARES,
Baikal and Baksan neutrino telescopes [30–32]. The CMS limit is
from a monojet search and assumes an effective field theory, valid
only for a heavy mediator [33,34]. Comparable limits are set by
ATLAS [35,36]. The purple region represents the parameter
space of the constrained minimal supersymmetric standard model
of Ref. [37].
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FIG. 4. The 90% C.L. limit on the SI WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICASSO (blue), LUX (black),
CDMSlite and SuperCDMS (dashed purple) [12,38–40]. Similar
limits that are not shown for clarity are set by XENON10,
XENON100 and CRESST-II [41–43]. Allowed regions from
DAMA (hashed brown), CoGeNT (solid orange), and CDMS-II
Si (hashed pink) are also shown [44–46].

C. AMOLE et al. PHYSICAL REVIEW D 93, 061101(R) (2016)

061101-4

RAPID COMMUNICATIONS

Before After• PICO-2L	Run1
– 9	candidate	events	in	32	

live-days	at	3.2keV
– Inconsistent	with	known	

radioactive	backgrounds	
AND	dark	matter

• PICO-2L	Run2
– 1	candidate	event	in	66	

live-days	at	3.2keV
– Consistent	with	neutron	

expectations
• Between	runs,	the	

detector	was	cleaned	of	
particulate	contamination

Hypothesis:	combination	of	particulate	matter	and	
water	leads	to	anomalous	nucleation	mechanism

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017

Anomalous	Background



PICO	Timeline
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COUPP-4	(2011)
CF3I	Target

PICO-60	(2017)
C3F8 Target

PICO-60	(2014)
CF3I	Target

PICO-2L	(2014)
C3F8 Target

PICO-2L	(2016)
C3F8 Target

Try	switching	
target	fluids

Try	removing	
particulate

Try	scaling	to	
increase	statistics

Background	
Discovered

Background	
Limited

Background	
Limited

Neutron	
Limited!

?

Try	scaling
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Previous	Results
Spin-dependent	WIMP-proton	coupling

32

XENON100

PICO-2L	C3F8

IceCube 𝛕𝛕SuperK 𝛕𝛕

SuperK bb

CMSSM
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PICO-60	Design

33

• Piston	pressure	control
• 4	cameras	monitoring	
active	liquid

• 8	piezoelectric	acoustic	
transducers

• Located	6800ft	
underground	in	SNOLAB

• Entire	pressure	vessel	
submerged	in	water	tank
– Temperature	control
– Neutron	shielding

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



PICO-60	Upgrades

34

• New	water	system	for	improved	
thermal	control

• Filtration	system	allows	in-situ	
buffer	sampling

• Non-abrasive	PTFE	seal
• Four	cameras	allow	larger	volume

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



PICO-60	Cleaning
• Every	component	touching	the	
inner	volume	was	cleaned	against	
MIL-STD-1246C	level	50

35

Post-Filtration	Particulate	Size	Distribution

Particulate	Size	Bin<5µm <15µm <25µm <50µm <100µm

-----Mil-Std 1246C	level	100
-----Mil-Std 1246C	level	50	(Goal)
-----Mil-Std 1246C	level	25
* Filter	Sample	Normalized	by	Flow

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



Commissioning

36

• Filled	with	40L	C3F8 on	June	30,	2016

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



What	do	we	measure?

• Camera	images	(primary	trigger)
–Was	there	a	bubble	(Y	or	N)?
– How	many	bubbles	were	there?
–What	were	the	bubble	positions?

• Temperature
• Pressure	(secondary	trigger)
• Acoustic	signal

37

Electron	Recoil	Rejection

Neutron	Rejection

Threshold	
Determination

Alpha	(radon)	Rejection

Surface	Rejection

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017

Blind	this	information



Blinding	a	bubble	chamber

• Blinding	acoustics	effectively	salts	your	data	with	alpha	decays
– Unblinding acoustic	information	removes	the	salt

• Blinding	scheme:	define	ALL cuts	and	efficiencies	using	non-
WIMP	search	data	BEFORE looking	at	the	acoustic	
information
– Acoustic	cuts	based	on	neutron	calibration	data

• We	calibrate	the	detector	before	and	after	WIMP	search	to	
check	for	consistency

38

• First	time	this	has	been	done	
for	PICO

• Alpha	decays	(from	radon)	are	
only	distinguishable	from	
candidate	events	acoustically

BLIND

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



Before	Opening	the	Box
• 106	bulk	singles	in	WIMP	search	

dataset
– Acoustics	Still	Blind
– Consistent	with	Rn	decay	rate	in	

pre-WIMP	search	unblinded data
• Neutron	Background

– Not	blinded	to	multiplicity
– 3	multiple	bubbles	in	the	physics	

data
– Multiples	to	singles	ratio	is	

approximately	3:1	from	
calibration	and	simulation

• Conclusion:	0-3	bulk	singles	
would	be	consistent	with	
neutrons	and	no	anomalous	
background

39

C.	Amole	et	al.,	arXiv:1702.07666
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After	Opening	the	Box

40

C.	Amole	et	al.,	arXiv:1702.07666

Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017

No	events	in	
signal	region!

Neural	Network	
Acoustic	Analysis
• Not	as	good	as	

AP,	yet…

(	~ Acoustic	Power)



PICO-60	Results
3

Dataset E�ciency (%) Fiducial Mass (kg) Exposure (kg-days) No. of events

Singles 85.1 ± 1.8 45.7 ± 0.5 1167 ± 28 0

Multiples 99.4 ± 0.1 52.2 ± 0.5 1555 ± 15 3

TABLE I. Summary of the final number of events and exposure determination for singles and multiples in the 30.0 live-day
WIMP search dataset of PICO-60 C3F8 at 3.3 keV thermodynamic threshold.

The fiducial volume is determined by setting cut values
on isolated wall and surface event distributions in the
source calibration and pre-physics background datasets,
as shown in Fig. 1. These cuts remove events on or near
the surface or within 6 mm of the nominal wall location.
For regions of the detector where the optics are worse,
such as the transition to the lower hemisphere, the outer
13 mm are removed. The fiducial cuts accept a mass of
45.7 ± 0.5 kg, or 87.7% of the total C3F8 mass.

The first step in the WIMP candidate selection re-
moves events that are written improperly on disk, events
that were not triggered by the cameras, and events for
which the pressure was more than 1 psi from the target
pressure. The signal acceptance for these cuts is greater
than 99.9%. Only events that are optically reconstructed
as a single bubble are selected as WIMP candidates. This
cut removes neutron-induced multiple bubble events and
events for which the optical reconstruction failed. The
acceptance of this cut is 98.0 ± 0.5%. In addition to
the optical reconstruction fiducial cut, fiducial-bulk can-
didates are selected based on a rate-of-pressure-rise mea-
surement, which is found to accept all optically recon-
structed fiducial single bubbles in the source calibration
data.

The acoustic analysis is similar to the procedure de-
scribed in [11] to calculate the Acoustic Parameter (AP),
a measurement of the bubble’s nucleation acoustic en-
ergy. As AP is used to discriminate alpha particles from
nuclear recoils, events with high pre-trigger acoustic noise
or an incorrectly reconstructed signal start time are re-
moved from the WIMP candidates selection. The e�-
ciency for these cuts is 99.6 ± 0.2%. For this analy-
sis, based on the pre-physics background and calibration
data, AP is found to optimally discriminate alpha parti-
cles from nuclear recoils using the signals of two out of
the three working acoustic transducers in the 55 kHz to
120 kHz frequency range. The AP distribution for nu-
clear recoil events is normalized to 1 based on AmBe and
252Cf nuclear recoil calibration data.

An additional metric, NN score, is constructed from
the piezo traces using a neural network [19] trained to
distinguish pure alpha events (NN score = 1) from pure
nuclear or electron recoil events (NN score = 0). The two-
layer feedforward network takes as an input the bubble’s
3D position, and the noise-subtracted acoustic energy of
each of three working acoustic transducers in 8 frequency
bands ranging from 1 kHz to 300 kHz. The network is
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FIG. 2. Top: AP distributions for AmBe and 252Cf neu-
tron calibration data (black) and WIMP search data (red) at
3.3 keV threshold. Alphas from the 222Rn decay chain can be
identified by their time signature and populate the two peaks
in the WIMP search data at high AP. Higher energy alphas
from 214Po are producing larger acoustic signals. Bottom: AP
and NN score for the same dataset. The cuts for the nuclear
recoil candidates, defined before WIMP search acoustic data
unmasking, are displayed with dashed lines.

trained and validated with source calibration data and
the pre-physics background data. A nuclear recoil candi-
date is defined as having an AP between 0.5 to 1.5 and
a NN score less than 0.05. These combined acoustic cuts
are determined to have an acceptance of 88.5 ± 1.6%
based on neutron calibration fiducial-bulk singles.

In the WIMP search data, before unmasking the AP
and NN score, all events passing cuts are identified and
manually scanned. Any events with mismatched pixel co-
ordinates are discarded. The same procedure is found to
keep 98.7 ± 0.7% of fiducial-bulk singles in the neutron
calibration data. The final e�ciencies and exposure are
summarized in Table I. A total of 106 single bulk bub-
bles, shown in Fig. 1, are found in the blinded WIMP
search data.

Neutrons produced by (↵,n) and spontaneous fission
from 238U and 232Th characteristically scatter multiple
times in the detector, resulting in multiple-bubble events
75% of the time for a chamber of this size. The multiple-
bubble events are an unambiguous signature and provide
a measurement of the neutron background. To isolate
multiple-bubble events in the WIMP search data, we do
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• Multiples	efficiency	is	higher	because	no	fiducial,	
acoustic	cuts

• We	simulate	and	measure	a	3:1	ratio	of	multiples	to	
singles	for	neutron	calibration	data

• Of	the	106	fiducial-bulk	singles,	none are	consistent	
with	nuclear	recoil	hypothesis	(all	are	consistent	
with	radon	chain	alphas)

C.	Amole	et	al.,	arXiv:1702.07666
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Spin-dependent	Limits
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C.	Amole	et	al.,	arXiv:1702.07666

Factor	of	17	
improvement!
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IceCube
SuperK



Nucleon	Coupling	Limits
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Consider	spin-dependent	coupling	to	proton	and	neutron

𝜎#
$ =

32𝐺)*𝜇#*

𝜋 𝑎$ 𝑆$
* 𝐽 + 1

𝐽
See	Tovey	for	details:
D.R.	Tovey,	et	al.,	Phys.	Lett.	B	488,	17	(2000)

C.	Amole	et	al.,	arXiv:1702.07666
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Spin-independent	Limits
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• Light	nuclear	
targets	give	
sensitivity	to	low-
mass	WIMPs

• Unexplored	
phase	space	
would	be	
accessible	with	
slightly	reduced	
threshold

C.	Amole	et	al.,	arXiv:1702.07666
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Comparison	to	Collider
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Idea: rather	than	try	to	plot	model-dependent	collider	
limits	in	our	space,	let’s	plot	our	limits	on	their	model

C.	Amole	et	al.,	arXiv:1702.07666
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PICO-60	Summary
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• New,	world-leading	
constraints	on	
WIMP	dark	matter
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• Question:We	have	shown	we	can	mitigate	our	
anomalous	background,	but	can	we	eliminate	
the	background	mechanism	entirely?



Overview

47
Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017

1. Motivation
2. Bubble	Chamber	Physics
3. Backgrounds	to	Dark	Matter
4. New	Results	from	PICO
5. PICO	Future	Plans



PICO-40L
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• Purpose	of	buffer	liquid	is	to	
isolate	the	active	liquid	from	the	
stainless	parts

• Elimination	of	buffer	liquid	would	
allow	in-situ	purification	of	active	
liquid

PICO-60
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• We	have	shown	we	can	mitigate	
our	anomalous	background,	but	
can	we	eliminate	the	background	
mechanism	entirely?

IDEA:	Eliminate	buffer	fluid



PICO-40L
Eliminate	buffer	fluid
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Therm
al	Gradient

Purpose	of	
buffer	liquid	
is	to	isolate	
the	active	
liquid	from	
the	stainless	
parts

Thermal	
gradient	can	
ensure	that	
target	fluid	
near	stainless	
parts	is	not	
active

PICO-60

PICO-40L
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PICO-40L
Physics	reach

1. Added	stability	could	allow	
us	to	push	down	in	threshold	
(WIMP	mass)	until	we	hit	ER	
backgrounds

2. Ability	to	use	new	target	
fluids	optimized	for	different	
WIMP	masses

3. Reduced	neutron	
backgrounds,	allowing	us	to	
push	down	in	cross-section

50
Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



PICO-500
• Engineering	work	ongoing	as	part	of	R&D	program
• Proposal	for	full	detector	($3M	CAD)	currently	
submitted	to	CFI,	decision	expected	this	summer

51
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PICO	Program
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PICASSO	(1	L	SDD)	

PICASSO	(4.5	L	SDD)	

PICASSO	(4.5	L	SDD)	

PICO-2L	run-1

PICO-2L	run-2

PICO-60	C3F8

ZEPLIN-I

XENON10

XENON100
LUX

50 GeV WIMP constraints

● WIMP-proton
● WIMP-neutron PICO-500

PICO-40L
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plot	courtesy	of	Guillaume	Giroux

PandaX-II



Spin-Dependent	Future
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Aspiration: Leadership in direct detection dark matter
Execution within G2 program, R&D beyond G2
DOE lead laboratory for future dark matter experiments

Beyond G2:
To neutrino floor:

PICO-60 C3F8 (new!)
arxiv.org/pdf/1702.07666

PICO-500

March 1, 2017 1HEP Budget Briefing

Spin-Dependent Region

Xe Tech Limited by
Neutrino Background

Demonstrate Feasibility
with PICO-40 (10% scale)
New Single-fluid Design

with Engineering by PNNL
à LDRD

Potential to Extend Far Past
Xenon Neutrino Floor with

Capability to Interchange Target

Unique Sensitivity
Background Understood

and Mitigated
(forensic assays @ PNNL)

à Background-free
WIMP-search Exposure

• PICO	program	
has	significant	
reach	in	parallel	
to	G2	
experiments

• Lower	neutrino	
floor	opens	
unique	phase	to	
PICO



Conclusions
• PICO	bubble	chambers	at	the	40L	

scale	are	background-free
• PICO	dominates	the	search	for	spin-

dependent	WIMP-proton	coupling
• PICO-40L	will	have	significant	physics	

reach	by	2018
• PICO-500	will	continue	to	probe	

unique	phase	space
• Still	untapped	potential	in	the	bubble	

chamber	technology
– Scintillating	bubble	chambers:															

D.	Baxter	et	al.,	arXiv:1702.08861

• The	future	of	PICO	is	very	bright
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Is	there	some	target	
fluid	that	lives	down	
here?

Or	can	we	come	up	
with	some	form	of	
discrimination?

Scintillation	
Energy	Loss
D.	Baxter	et	al.,	
arXiv:1702.08861	
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Scintillating	Bubble	Chambers
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D.	Baxter	et	al.,	
arXiv:1702.08861	Optical	Reconstruction Acoustic	Signal

Scintillation	Pulse

Acoustic-PMT	Coincidence

Expansion	Cycle

Energy	Resolution!
Dan	Baxter,	Fermilab	Joint	Theoretical-Experimental	Physics	Seminar,	April	14,	2017



Particulate	Hypothesis
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We have not observed any similar dependence of
acoustic response on the energy of neutron-induced nuclear
recoils. The AmBe calibration source produces nuclear
recoils with an exponentially falling spectrum from keV to
MeV energies, and the AP spectrum of these recoils is
approximately normally distributed for all frequency ranges
studied.

B. The low AP peak

The peak in Fig. 5 at lower values of AP contains 2111
events. Given an observed count of 1337 alpha events in the
high AP peak and an upper limit on the failure of alpha
rejection of 0.7% observed previously [10], we expect less
than 10 events to be produced by a failure of acoustic
rejection of alphas. As discussed in Sec. IV, we expect less
than 1.2 events from neutron and gamma activity.
Therefore, these events represent a background of unknown
origin. The rate of these events decreases with increasing
threshold, but they appear for all temperatures and pres-
sures. Due to the large number of background events and
the ability to cleanly distinguish them from alphas using
APlow, the characteristics of these events can be studied in
detail. The events have several characteristics that differ-
entiate them from a dark matter signal.
First, as can be seen in Fig. 5, the background produces

bubbles that are on average louder than those produced
from neutron calibration data, an effect that is more
pronounced at higher frequencies.
The second feature that distinguishes the background

events from a potential dark matter signal is time corre-
lations, similar to those observed in previous bubble
chambers [10,14]. Figure 9 shows the rate of these events
as a function of “expansion time,” the amount of time spent
in the expanded state before bubble formation (note that we
do not include data for expansion times less than 25 s, as
discussed in Sec. II). Also shown are the alpha events (the
high AP peak in Fig. 5). A WIMP signal would have no
preference as to when in an expansion it appeared and
would therefore appear flat. On the other hand, the back-
ground events exhibit very strong timing correlations,
preferentially occurring at short expansion times.
Although a small fraction of alpha decays do have timing
correlations relevant on these scales (the 218Po decays), the
total alpha distribution is nearly flat in expansion time and
can be viewed as a proxy for a dark matter signal.
The third feature of the background events is their

nonuniformity in space, as seen in Fig. 10 showing the
XYZ distribution of alpha events (left) and the low AP
events (right). We expect a dark matter signal to be
homogeneous in the detector, a distribution that would
appear to be uniform in these units. Again, as a rough proxy
for a dark matter signal, the alpha events do appear uniform
in space, although we do observe correlations between
events in a given decay chain, with daughter nuclei moving
upward relative to the previous decay. Low AP events,

0 100 200 300 400 500

10
1

10
2

Expansion time [s]

R
at

e 
[c

ou
nt

s/
da

y]

 

 

Unknown background
Alphas

FIG. 9. Event rate of the nonalpha background events (black)
and alpha events (red) as a function of the length of time the
chamber was in an expanded state. The rate is calculated for
intervals of expansion time indicated by the horizontal error bars;
the rates measured in neighboring bins are uncorrelated. A dark
matter signal would be flat; by contrast, the background events
cluster at early expansion times. Although a fraction of alpha
decays do have timing correlations relevant on these scales (the
218Po decays), the total alpha distribution is dominated by the
uncorrelated decays, nearly flat in expansion time, and can be
viewed as a rough proxy for a dark matter signal. We include the
alpha distribution here to show that systematic effects cannot
account for the distribution of the background events.

FIG. 10. Two-dimensional histogram of bubble location
(R2=Rjar vs Z). The left-hand plot shows all alpha events while
the right-hand plot shows the background events. A dark matter
signal would be isotropic in these units. As a proxy for a dark
matter signal, the alphas are more uniformly distributed in the jar
than the background events, which are concentrated along the
walls and near the interface.

C. AMOLE et al. PHYSICAL REVIEW D 93, 052014 (2016)

052014-8

C.	Amole	et	al.	Phys.	Rev.	D	93,	052014	(2016)	[arXiv:1510.07754]

Clues	from	timing	
and	spatial	profiles

Assay	reveals	
significant	
contamination



Acoustic	Parameter	(AP)

• Filter	the	raw	trace	and	divide	it	up	into	frequency	bands
• Correct	each	band	for	position	(normalize	to	emitted	power)
• Combine	the	bands	that	show	separation	between	alpha	and	

neutron	data	
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Fiducialization
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Livetime Selection
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Event	Selection

64

Cut Description

Data	Write No errors	writing	to	disk

Camera	Trigger Event	was	triggered	by	cameras

Pressure Within 1psi	of	target

Single	Bubble Optical reconstruction algorithms	found	one	bubble

Acoustic	Noise Pre-trigger	noise	was	within	specified range

Acoustic	Timing Acoustic	signal	within window	of	camera	trigger

Fiducial Optical	reconstruction	places	bubble	in	bulk

Secondary Fiducial Pressure	rise	consistent	with	bulk	event

Acoustic	Parameter	(AP) Consistent with	neutron	calibration

NN Score Neural	net	thinks acoustics	are	from	a	neutron

Manual	Scan All	events	passing	the	above	are	checked

Acoustic	information	(cuts	in	red)	were	blinded	for	WIMP	search
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